NASA Contractor Report 3128 


Initial Conceptual Design 
Study of Self-Critical 
Nuclear Pumped Laser Systems 

Richard J. Rodgers 

CONTRACT NASl-14329 
APRIL 1979 




MS: 





/. 

i 

\ ...» 





TECH LIBRARY KAFB, NM 



NASA Contractor Report 3128 


Initial Conceptual Design 
Study of Self-Critical 
Nuclear Pumped Laser Systems 


Richard J. Rodgers 

United Technologies Research Center 

East Hartford, Connecticut 


Prepared for 

Langley Research Center 

under Contract NASl-14329 


fWNSA 

National Aeronautics 
and Space Administration 


Scientific and Technical 
Information Office 



TABLE OF CONTEM’S 

Page 

SUMMARY 1 

RESULTS 2 

lOT’RODUCTION 3 

SELF -CRITICAL DNPL REACTOR DESIGN CHARACTERISTICS 4 

Neutronics Considerations 5 

Optical Considerations 7 

DESCRIPTION OF REFERENCE DESIGN 8 

Reactor Configuration 8 

Neutronics Calculations 9 

Optical Considerations II 

Energy Removal Requirements 13 

Weight Estimates l4 

CONCLUDING REMARKS l6 

REFERENCES 

LIST OF SYMBOLS 21 

TABLES I Through IV 22 


i i i 



SUMMARY 


An analytical study of self -critical nuclear pumped laser system concepts was 
performed. Primary emphasis was placed on reactor concepts employing gaseous 
uranium hexafluoride (UFg) as the fissionable material. Relationships were developed 
between the key reactor design parameters including reactor power level, critical 
mass, neutron flux level, reactor size, operating pressure, and UF^ optical prop- 
erties. The results were used to select a reference conceptual laser system con- 
figuration. 

In the reference configuration, the 3.2 m3 lasing volume is surrounded by a 
graphite internal moderator and a region of heavy water. Results of neutronics cal- 
culations yield a critical mass of 4.9 kg U^35 in the form of The configu- 

ration appears capable of operating in a continuous steady-state mode. The average 
gas temperature in the core is 600 K and the UF^ partial pressure within the lasing 
volume is 0.34 atm»^ 

Laser transitions requiring average fission power densities less than 
approximately 103 W/cm3 for excitation are most attractive. Operation at wave- 
lengths greater than approximately 400 nm may be required because of limitations 
imposed by the opacity of gaseous Further research directed toward identifica- 

tion of UFg compatible lasing transitions is recommended. 


1 1 atm = 1.013 X 10^ Pa. 


RESULTS 


1. Initial investigation of self -critical nuclear pumped laser concepts has 

resulted in definition of a reference nuclear pumped laser reactor having the 
following characteristics : fifty-one unit laser cells, each having a diameter of 

20 cm and a length of 200 cm located within a heavy water /graphite reflector 
moderator; critical mass of 4,9 lasing region gas temperature of 600 K; UF^ 

partial pressure of 0.34 atm; total fission power level of 100 IVlW; fission power 
density of 31 W/cm3; and neutron flux of 7 x 10^^ n/cm^-s. 

2. Substitution of beryllium for the heavy water as the reflector-moderator 
material in the reference configuration results in a reduction of the estimated 
reactor weight from l4l,400 to 68,200 kg. 

3. The presence in the lasing gas mixture of 0.5 mol percent natural xenon 
plus an equilibrium amount of Xe^35 fission product produced at a neutron flux of 
10l5 

n/cm2-s would cause an increase of approximately 11 percent in the reference 
configuration clean critical mass value of 4.4kg. 

4. Self -critical nuclear pumped lasers employing gaseous UE^ have the greatest 
potential for attractive performance if lasing transitions are used having wave- 
lengths greater than approximately 400 nm, where UE^ is highly transparent. 

5 . Efforts should be undertaken to identify candidate lasing systems which 
are chemically and optically compatible with UE5, capable of efficient operation 
with excitation levels less than approximately 1 kW/cm^, and capable of achieving 
overall efficiency greater than approximately 5 percent. 
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INTRODUCTION 


Self -critical nuclear pumped lasers are one of several possible nuclear pumped 
laser types currently being studied. This type of laser if proven feasible offers 
the possibility of very high power operation in a continuous steady-state mode. 
Possible applications for such lasers include space power generation, space power 
transmission, and space propulsion. 

In self -critical systems it is necessary to select a reactor geometry which 
meets both the nuclear criticality requirements and the laser optical configuration 
requirements of the system. In general, cavity reactor configurations are designed 
having approximately spherical geometry or cylindrical geometry with length-to- 
diameter of approximately one. This generally results in good neutron economy and 
leads to systems having low critical mass. High power lasers have been designed in 
many configurations, some of which are highly two-dimensional and thus unattractive 
for self -critical nuclear pumping. 

Self -critical nuclear pumped laser concepts may use fissionable material in 
solid, liquid, or gaseous form, A hign energy (lO to 100 MJ) nuclear pumped carbon 
monoxide laser system concept is described in Ref. 1. This system concept utilized 
thin uranium or uranium oxide foils as fissionable material. Power deposition in 
systems employing coatings or foils is usually limited by heat transfer within the 
fissionable material. 

Candidate lasers utilizing liquid uranium compounds are described in Refs. 2 
and 3* Liquid nuclear pumped lasers appear to solve the heat transfer problems 
inherent with coating and foil systems. However, neutron damage to the uranium 
compounds and medium inhomogenities appear to be problems for liquid systems. Recent 
investigations of lasers using gaseous UF^ as the fissionable material are described 
in Refs. 4 and 5* Gaseous systems provide a means for deposition of fission energy 
directly in the lasing medium. Volumetric excitation of the lasing medium thus 
should be more efficient in gaseous systems than in systems employing coatings or 
foils . 

The objective of this study was to formulate an initial conceptual design of a 
gaseous UFg reactor configuration for application as a high power nuclear pumped 
laser. A reference reactor configuration was selected based on results of analyses 
of criticality, gas flow path, and energy removal considerations, A portion of the 
study was directed toward scoping of system weight, gas handling and reactor coolant 
systems based on calculated energy removal requirements for a reference configuration. 
Discussion of the study results is presented herein. 
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SELF -CRITICAL DNPL REACTOR DESIGN CHARACTERISTICS 


The self -critical DNPL reactor concept requires that the reactor configuration 
be designed such that parasitic neutron capture of reactor component materials is 
small. This will permit a low critical mass of nuclear fuel, which enhances the 
potential performance of the system. For this study, emphasis was placed on use of 
enriched gaseous UF^ (93.5'^ U-235) fuel which is mixed with a gaseous lasing medium 
in the reactor. The fissioning of the nuclear fuel provides a mechanism to continu- 
ously deposit energy in a large lasing volume through fission fragment interaction. 

The self -critical UF^ gaseous core laser reactor has a fuel mixture which is 
typically composed of three distinct components with unique functions to perform. 
First, UFg must be present in sufficient quantity to produce a sustained fission 
reaction and thereby to provide the energy source to pump a large volume of the 
lasing gas mixture. Second, a host gas such as He, Ne, or Ar is present as the 
dominant energy storage member. The host gas possesses high excitation and ioniza- 
tion energy levels which are populated in the host gas by interaction with high 
energy fission products. Third, a lasing gas is needed, such as Xe, which is present 
in small quantities. Energy is transferred by collisions between the excited and 
ionized host species and lasing gas with the creation of excited and/or ionized 
states of the lasing gas. Lasing then occurs as the lasing gas radiatively relaxes 
between energy levels corresponding to its characteristic wavelengths. 

An important parameter relative to the lasing system is the neutron flux level 
required to induce efficient laser action. The flux level required determines the 
overall reactor power level of a self-critical system. The characteristics of several 
DNPL laser experiments (Refs. 6 through 13) are listed in TABLE I. The pumping for 
the configurations in TABLE I was provided using either a boron-10 coating or 
uranium -235 foil on the inner wall of the laser cell. Neutrons incident on the 
coatings or foil result in primary particles (reaction products or fission products) 
being emitted from the inner wall surface into the lasing media. The interaction of 
these particles creates secondary electrons which both ionize and excite the lasing 
media. The effective "useful thickness" of the pumped region is determined by the 
distance from the wall that the primary particle travels as it slows down via 
collisions. Another technique is to use 3He gas mixed with the lasing gas. This 
provides a volumetric energy source when neutrons are incident on the gas mixture. 
However, the effective "useful thickness" depends upon the penetrating distance of 
the incident neutrons and the range of the primary reaction products in the gas 
mixture. The full advantage of high power nuclear pumped laser systems occurs when 
fission energy is volume trically created within the lasing medium and the neutron 
source is not external to the laser cell. This is a characteristic of a self- 
critical DNPL reactor system and it increases the "useful thickness" and, hence, 
volume of the pumped lasing region. The data in TABLE I indicate that the lasing 
threshold neutron flux level is in the range of 10^5 to lO^^ n/cm^-s with the lowest 
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threshold to date being 4 x 10^^ n/cm^-s for mixtures of He-CO and He-COg (Ref. 9)- 
Research is in progress to identify DNPL systems with lower threshold flux levels. 
Such systems would be highly attractive for use in a self -critical UF^ -fueled 
reactor with the lasing medium intimately combined in the nuclear core because the 
total power level could be reduced. 

Fission products transfer kinetic energy to the lasing medium by direct 
interaction which results in excitation and ionization of the lasing species. The 
energy required to produce an ion pair in rare gases, as the fission product slows 
down, is similar to that for energetic electrons. This results because the ioniza- 
tion and excitation is produced principally by secondary electrons which are less 
energetic than the primary particle. Because of this similarity, it has been 
suggested (Ref. l4) that studies employing electron -beam pumped laser media composed 
of atomic gases can yield data applicable to nuclear pumped laser systems. Several 
experiments (Refs. 15 through 24), are summarized in TABLE II which resulted in laser 
action in the visible portion of the wavelength spectrum. Based on the data in 
TABLE II, indications are that high threshold power densities for XeF and KrF are 
necessary before lasing occurs. Such systems are considered unattractive for sell- 
er itical DNEL reactor applications because of the high excitation threshold require- 
ments . 


Neutronics Considerations 

One objective of the conceptual design study is to establish a range of 
operating characteristics over which such a reactor system might function. The study 
was performed under the ground rules that the reactor operates at a steady-state power 
level and that the reactor core will use fissioning UF^ gas with operating pressure 
less than 10 atm and gas temperature in the range of 350 to 700 K. 

To determine a set of operating conditions for the self -critical DNPL reactor 
for sizing purposes, parametric relationships were derived between several reactor 
variables. Included were relationships between total reactor power, power density, 
neutron flux level, U-235 mass, U-235 density, and U-235 pressure. Use of these 
relationships allowed rapid assessment of the effect on reactor design characteris- 
tics of changes in parameter values. 

The equation which gives total reactor power in megawatts is 
Q = 8.2 X 10'20(-^^.p^‘^35.^,^J 


where crp is the U-235 fission cross section in barns, p^''^35 U-235 density in 

g/cm3, (f) is the neutron flux in n/cm^-s, and V is the fuel volume in cm3, it was 
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assumed that 200 Mev of energy per fission event is released and that the JVkxwellian 
spectrum weighted fission cross section for U-235 fuel at a temperature of 600 K is 
given by 

) 2 

= 360 barns (2) 

where ^Fq ~ 582 barns (U-235 fission cross section at T = 293 K). The calculations 
also assumed that uniform properties exist throughout the fuel region. The relation- 
ship between key reactor operating conditions is given in Fig. 1. The results indi- 
cate the inter-relationship of the fissioning mass of U-235 ? thermal neutron flux 
level, and total reactor power for an average fuel temperature of 600 K. The probable 
operating region of interest is indicated in Fig. 1 as having a U-235 critical mass 
of between 1 and 10 Kg and neutron flux level between 10^^ and 10^^ n/cm^-s. This 
flux range is within that where laser action has been produced in several recent 
experiments (see TABIE I and Refs. 6 through 13). The corresponding range of total 
reactor power lies between 3 and 3000 M^. 

Additional parametric results are shown in Fig. 2, for a reactor which has a 
U-235 critical mass of 6.0 kg and gas temperature of 600 K. Figure 2 illustrates the 
inter-relationship among the power density, neutron flux, and total power, with U-235 
density and pressure. A possible extended operating region is indicated for a max- 
imum uranium (U) species partial pressure less than 10 atm, with a more probable 
operating region limited to U partial pressure less than 1 atm and a minimum U 
pressure of 0.01 atm. 

At the assumed critical mass of 6 kg and temperature of 600 K, the range in U 
fuel partial pressure between 0.01 and 10 atm corresponds to fuel volumes and, hence, 
maximum lasing volumes between approximately 120 and 0.12 m^, respectively. 

For the flux range between 10^^ and 10^^ n/cm^-s, the power density ranges 
between 0.001 and 1.0 kW/cm^. Results for a different critical mass at the given 
power and power density can be determined by scaling the pressure and density direct- 
ly and by scaling the flux inversely with the U-235 inass ratio, MQpj_-^/6.0 kg. The 
6 kg U-235 critical mass is considered typical of that which could be obtained in a 
gas core reactor system. For this mass of U-235 > the range for reactor total power 
level is between approximately 20 MW and 2000 MW for steady-state systems. If the 
reactor is sized such that the UFg partial pressure is 0.5 atm corresponding to the 
assumed critical mass of 6 kg, the range of reactor power density required varies 
between approximately 7 x 10“3 kW/cm3 and 7 x 10"t W/cm3. The fuel volume at the 
0.5 atm partial pressure value is 2.5 m3. 
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An alternative which leads to a major reduction in reactor power level, while 
achieving a high power density, is to operate systems at high-fuel partial pressure, 
assuming no significant increase in critical mass occurs. This is possible provided 
the fuel region continues to have uniform power distribution for the now smaller 
fuel volumes. The ability to operate efficiently at high pressure also depends on 
the specific lasing medium used in the reactor and upon the optical absorption 
coefficient of UFg at the specific laser wavelength. 


Optical Considerations 

In examining potential lasing gas candidates, it is necessary to assess the 
effect of the relative to quenching of laser action at a particular wavelength. 

The spectral absorption cross section of UFg (Ref. 25) is shown in Fig. 3 between 
200 and 400 nm. Also indicated are the wavelengths at which potential lasers (KrF, 
XeBr, l2, XeF, and N2) would operate. 

Three laser candidate media which operate at wavelengths for which UFg 
absorption is known to be relatively low are the I2 (3^2 nm), XF (351^ 353 nm) , and 
1^2 (358 nm) lasers. The KfF and XeBr lasers would appear to suffer from too large a 
UF^ quenching effect due to the UF^ optical absorption loss in a self -critical UFg 
DNPL system. Estimates for the maximum efficiency have been made for the Ip laser 
(13 percent, Ref. 23) and XF laser (7 percent. Ref. 20). 

An Ip laser operating at 3^2 nm would appear to have good potential for a 
UF^-fueled laser system, since the lasing wavelength occurs in a region where UFg has 
low optical absorption. A series of calculations was performed to relate uranium 
density and optical path length with values of optical absorption cross section such 
that optical transmission is O.85 and 0.95* The results for path lengths of 1, 10, 
100, and 1000 cm are shown in Fig. 4. For example, at a uranium density of 10 “3 g/cm, 
and path length of 100 cm, 0.95 of the incident energy would be transmitted if the 
optical absorption cross section were 2 x 10"22 cm^/atom at any given wavelength. 

With a knowledge of the gain characteristics for selected transitions, the optical 
absorption cross section of UF^ can be used to define a varying U density criteria 
as a function of wavelength. Wavelengths at which the density is above the nuclear 
criticality density may be considered candidates for potential DNPL systems. 
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DESCRIPTION OF REFERENCE DESIGN 


Reactor Configuration 

A conceptual DNPL reference reactor 'which is shown in Fig. 5 was selected based 
on the results of the parametric analyses described in the previous section. A 
schematic of the reactor configuration is shown in Fig. 6. The core is a matrix of 
fuel cells. A length -to-diameter (l/d) ratio of approximately one is used for the 
core. This geometry has a small surface area to volume ratio which reduces neutron 
leakage from the core. Above and below the fuel cell matrix are regions which con- 
tain the laser optics components such as mirrors, beam splitters, etc. A tank of 
heavy water (O.9975 D2O) ref lector -moderator surrounds the matrix and optics regions. 
At the top of the D2O tank, there is a laser power extraction channel with optical 
windows on the ends. The channel is filled with high pressure deuterium gas to 

reduce neutron leakage from the core and to provide a transparent light path through 

the DpO reflector -moderator . 

The core of the reference design consists of a series of modular unit cells in 
a hexagonal matrix. A cross section of the fuel cell matrix is shown in Fig. 7*. The 

central unit fuel cell operates as a master oscillator. The output of the master 

oscillator is optically coupled to the other fuel cells which act as single-stage 
amplifiers connected in parallel. The geometry of the unit cell module is shown in 
Fig. 8. The module is a hexagonally shaped rod of graphite, with a hollowed-out 
central cylindrical cavity. The fuel and lasing gas mixture flows through the cavity 
section of the modules. The cavity cylindrical walls have a nickel coated aluminum 
liner to isolate the corrosive gas mixture from the graphite structure. The graphite 
also provides internal neutron moderation and fission density leveling within the 
core. The unit cells contain cooling channels through which a gas coolant is flowed 
to convective ly remove the energy deposited due to neutron, beta, and gamma heating. 
The reference reactor configuration has a unit cell length of 200 cm, cavity diameter 
of 20 cm, and a dimension of 30 cm be+ween any two parallel surfaces of the unit 
cell. The minimum wall thickness of the graphite cell is 4.5 cm. 

The gas mixture within the cells was assumed to be composed primarily of helium 
and UFg in the mole ratio of 10:1. The mixture ratio was selected based on the 
experimental results of Ref. l4. A gas operating pressure of 10 atm and temperature 
of 600 K were selected in order to size the radial dimension of the unit cell. The 
upper lasing states of the gas species are pumped by the interaction of the fission 
products with the gas mixture. High energy fission products collisionally relax in 
the gas, resulting in the creation of secondary electrons. The electrons interact 
with the gas mixture leading to the formation of excited states. The continuous 
population -depopulation of the excited states leads to cw laser action. 
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The manner in which the high energy fission products lose energy is such that 
the median light fission product, possessing a higher initial kinetic energy, has a 
longer range for slowing down than does the median heavy fission product. The 
median light fission product range in helium (Ref. 26) was used along with the mix- 
ture range -energy relationship (Ref. 27) to calculate the mixture fission product 
range as a function of pressure and temperature. The results are shown in Fig. 9. 

For an operating pressure between 5 and 10 atm, and temperature of 600 K, a 
fission product range of approximately 10 mm (l cm) results. For a fuel cell in 
which approximately 95 percent of the kinetic energy of the fission product is to be 
deposited in the gaseous core volume, a cell radius of approximately 10 cm is 
required. 

The flow path of the fuel mixture is shown in Fig. 10. The fuel is injected into 
the cell through a slot at the peripheral wall which extends along the entire length 
of the cavity. The flow enters tangentially to establish a vortex flow within the 
cell, A major fraction of the flow is withdrawn from the cell via the bypass flow 
exhaust duct through a perforated plate located in the cylindrical peripheral wall of 
the fuel cavity. The remainder of the injected flow spirals radially inward and 
passes out of the fuel cavity through exhaust ports located at the center of the 
cavity endwalls. By adjusting the injection flow rate, 'the temperature of the gas in 
the cavity can be controlled to produce a temperature gradient, and therefore a 
density gradient whereby the fission energy deposition can be spatially controlled. 
Use of a confined vortex flow allows the ends of the fuel cavity to be relatively 
free of obstructions and thus allows a large area for optical extraction. 


Neutronics Calculations 


A series of neutronics calculations were performed to establish the critical 
mass and critical fuel density for the reference design (Fig. 6 ). The calculations 
were performed for twenty neutron energy groups using the one -dimensional neutron 
transport theory computer program ANISK (Ref. 28). Neutron cross sections for fast 
groups were obtained using the HRG code (Ref. 29); for thermal groups using the 
TEMPEST II code (Ref. 30); with up- and down-scattering probabilities calculated 
using the SOHUST-I code (Ref. 3l)* Cell calculations were performed to obtain 
neutron spectrum-weighted cross sections for each of four core geometries. The 
weighted cross sections were used in spherical geometry, critical mass search calcu- 
lations for which the core geometry was homogenized. The results of these calcula- 
tions are shown in Figs. 11 and 12. Each of the cores was made up of unit cells 
having a cross section as shown in Fig. 8. U-235 clean critical masses of 6.6, 2.5? 

4.4, and l6.1 kg were calculated for core gas volumes of 0.032, 0.32, 3«2, and 
32.0 m^, respectively. These core volumes correspond to configurations which have 3? 
10, 51? and 204 individual cells, having cell lengths of 34, 100, 200, and 5OO cm, 
respectively. The range in critical mass density varied from 0.2 to 5 x 10“^ g/cm^. 
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For an assumed fuel region temperature of 600 K, the corresponding U-235 partial 
pressure varied from 42.0 to 0.1 atm for fuel volumes between 0.032 and 32.0 
respectively. The critical mass decreased as the fuel density increased up to a 
fuel density value of approximately 0.01 g/cm^ and then the critical mass increased 
with increasing fuel density. The increase in critical mass results from self- 
shielding of the fuel in both the central region of each cell as well as in the 
central section of the cell matrix. 

For the reference design (fifty-one cells), a critical mass calculation was 
performed in which Xe gas was included in the fuel region in an amount equal to 0.5 
percent of the He concentration. Also included was the equilibrium Xe^^^ fission 
product poisoning produced at a neutron flux level of approximately 10^^ n/cra^-s, 
assuming no Xe^^^ fission product removal. The equilibrium amount of Xe^^^ is equal 
to 29.4 mg. The critical mass was then calculated to be 4.88 kg of U-235 j or an 
approximate 11 percent increase over the clean critical mass obtained with no Xe 
present. The reference configuration with Xe contained 0.34 atm UF^ partial pressure 
based on the assumed fuel temperature of 60 O K. The He core partial pressure was 
assumed to be approximately 10 times greater than the UFg pressure, resulting in a 
total fuel region pressure of 3.8 atm. 

A relatively uniform fission energy distribution was obtained across the entire 
radius of the configuration for the reference core volume of 3-2 m'^. A uniform 
power density should aid in achieving a large lasing volume within each fuel cavity. 
Results of the fission energy distribution calculations are shown in Figs. 13 and l4 
for the four core volumes. The calculated fission energy distribution within the 
unit cells for each configuration are shown in Fig. 13. The two largest core volumes 
( 32.0 and 3.2 m3) exhibit approximately uniform radial fission distribution while 
the two smallest core volumes (O .32 and 0.032 m3) exhibit evidence of self -shielding 
in the central portion of the cell. The ratio of fission density at the cell periph- 
ery to that at the cell center was calculated to be 1.13 and 1.37 for the fuel 
volumes of 0.32 and 0.032 m^, respectively. The calculated fission energy distribu- 
tion across the entire cell matrix is shown in Fig. l4. The two largest core vol- 
umes have a fission distribution which peaks at the center of the matrix, indicating 
that these fuel regions are relatively transparent to neutrons. The two smallest 
core volumes exhibit the effect of fuel self-shielding as expected since an individ- 
ual cell (Fig. 13 ) of these configurations showed self -shielding. The 3.2 m3 volume 
was selected as the reference configuration primarily because it appeared to have 
the most uniform fission distribution of the four configurations investigated. 

The effect of graphite thickness on fission distribution (based on the minimum 
graphite thickness between cells) was also investigated for the reference volume 
(3.2 m 3 ). The results are shown in Fig. 15 , for minimum graphite wall thicknesses 
of 4 . 5 , 9 . 5 , and i 4.5 cm. A minimum graphite thickness of 4.5 cm was selected (see 
Fig. 8) forthe reference design because it resulted in the most uniform fission 


10 



density distribution. It is possible that a more uniform fission energy distribution 
could be obtained by reducing the graphite thickness below 4,5 cm, and thereby also 
reduce the critical mass. However, the reduction in thickness would probably not 
significantly effect the reactor cell performance since the overall power density is 
quite uniform for the 4.5 cm thickness case (see Fig. l4) . 

The results of clean critical mass calculations are given in TABLE III for the 
configurations with internal graphite minimum wall thicknesses of 4.5, 9 * 5 , and 
14.5 cm with a surrounding heavy water reflector -moderator of 100 cm. The U-235 
masses are 4.4, 5 * 7 , and 7.5 kg, respectively, and corresponding UF^ partial 
pressures are 0.29, 0.37, and 0.49 atm for a temperature of 600 K. Two additional 
calculations were performed in which the heavy water reflector -moderator was 
replaced with a beryllium moderator. Solid moderator materials would be a better 
choice than heavy water for DNPL reactors designed for space applications . Beryllium 
thicknesses equal to approximately one and two thermal neutron diffusion lengths (20 
and 40 cm) were used in the calculations. The internal graphite wall thickness was 
held fixed at 4.5 cm as in the reference design. The calculated U-235 critical 
masses are 7«6 and 6.3 kg for beryllium thickness of 20 and 40 cm, respectively. 


Optical Considerations 

The reference design cell matrix is shown in Fig. 7 . The central cell operates 
as a master oscillator, and is optically coupled to other amplifier cells as 
indicated in Fig. l 6 . The master oscillator is self -excited . The central cell is 
configured in an unstable resonator geometry which results in the formation of a 
large donut-shaped beam such that lasing occurs in most of the fuel cavity volume. 
This increases the utilization efficiency of the fissioning gain medium, and allows 
high peak powers to be achieved together with good quality beams. 

The output beam of the central cell oscillator is split by a series of mirrors 
located in the lower optics region. The split beams are amplified in parallel 
within the remaining fuel cavities and then upon leaving the amplifier cells are 
recombined into a nominal single beam within the upper optics region. The recombined 
output laser beam exits from the reactor region through the power extraction channel 
which is located in the top ref lector -moderator region (see Fig. 6 ). 

There are advantages of using a laser oscillator -amplifier configuration over 
that of a more intense all oscillator configuration. The control and design of a 
low-power oscillator should be simpler than that of an oscillator with high power 
potential. A low power oscillator can be designed with confinement of excitation 
to its fundamental mode, and low beam steering sensitivity of the output to mis- 
alignment of the resonator mirrors (Ref. 32) . 
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The effect of possible quenching of lasing in the cells by IlFg absorption was 
examined based on the parametric results shown in Fig. 4. Calculations were made to 
estimate the transmittance through a fuel cell for four different configurations. 

The results are shown in Fig. 1?. The reference design configuration (fifty-one 
cells, each 200 cm in length) will transmit 0.35 or greater of the incident energy 
for wavelengths with optical absorption cross section less than or equal to 1.5 x 
10-21 cm^/molecule . This value of the cross section would correspond to the minimum 
of the spectral absorption cross section (see Fig. 3) for UF 5 in the wavelength range 
of 200 to 400 nm. The possibility exists that the UF 5 is not a broadband absorber 
such that there may be narrow optical windows in the spectrum of UF^ at any wave- 
length. Also, candidate lasing systems (as yet unidentified) which operate at wave- 
lengths greater than 400 nm, would also be attractive if the UF 5 spectral absorption 
cross section continues to decrease. Unfortunately, quantitative results are not 
available in this part of the UF 5 spectrum. A determination of UF 5 absorption in 
this region of the spectrum should be part of the effort to identify potential 
nuclear pumped laser systems to be developed in conjunction with a self -critical 
UF 5 -fueled reactor. 

The fuel cells have optical windows at both ends to provide for containment 
of the fissioning gas mixture. The windows used in the self-critical DNPL 
reactor have a requirement that they must be compatible with UF^ gas at a tempera- 
ture of 600 K. Preliminary experimental results are reported in the final report 
for NASA Contract NASl-14329 concerning the attack by UF^ on three candidate 
laser window materials (high-quality fused silica, calcium fluoride, and aluminum 
oxide) . At temperatures up to 700 K for approximately seventeen hours and UF^ 
pressure of approximately 1 atm, the aluminum oxide (sapphire) showed good resis- 
tance, while the fused silica and calcium fluoride experienced attack. The pre- 
liminary results indicate aluminum oxide as the most promising window material at 
expected operating conditions of temperature and pressure. To reduce window sur- 
face reflection losses, anti-reflection coatings or Brewster angle windows are 
possibilities. With Brewster angle windows the output wave is plane-polarized, 
with the reflection loss theoretically reduced to zero in the polarization of 
the beam. The other linear polarization undergoes high reflection and the 
resulting attenuation eliminates laser buildup in this polarization (Ref. 33). 

There is evidence that aluminum oxide windows will maintain high optical 
transparency in a reactor environment. An absorption band centered at 205 nm, 
resulting from reactor irradiation, has been annealed out at a temperature of 
773 K in the absence of irradiation. Radiation annealing of the 205 nm absorp- 
tion band also occurred when a specimen of aluminum oxide was re-irradiated with 
1.5 MeV electrons (Ref. 34). 
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An alternative optical configuration would also use an unstable resonator to 
drive the amplifier cells; however, in this instance, the output of the oscillator 
would drive several amplifier chains each of which contains several amplifier cells 
optically connected in series. The amplifier chains are in parallel and the output 
from each chain would appear in the six cells surrounding the oscillator cell. To 
promote stable operation of this oscillator -amplifier configuration, it may be nec- 
essary to include isolators in the optical chain to prevent radiation emitted by the 
amplifiers from interferring with the operation of the oscillator. The function of 
the isolator is to permit the passage of amplified light in one direction only. 

These are required for high gain systems. The use of a saturable gas in interstage 
isolators has been demonstrated for a high gain CO2 amplifier chain (Ref. 35} to 
prevent early depletion of the population inversion in a pulsed laser. 

The optical configuration using single-stage amplifier cells results in a lower 
energy flux incident on either the windows or window coatings than does the multi- 
stage amplifier configuration and, therefore, appears to have lower technical 
requirements on the windows. However, the single-stage configuration does require 
more complex components to effect beam splitting and beam combining. 


Energy Removal Requirements 

Calculations were performed to estimate a range of operating characteristics 
for the reference DIJPL reactor. The results are shown in Figs. 18 through 20 for 
total power density between 10 "3 and 10"^ kW/cra3 and average fuel temperature of 
600 K. The system parameters calculated are total power, average neutron flux, UFg 
and He weight flow rates, fuel cavity gas residence time, and gas flow velocity. 

Based on a total reactor power of 100 MW, the following characteristics were 
determined: power density, 0.031 kW/cm^; neutron flux, 7 x 10^^ n/cra^-s; cavity 

residence time, O.023 s, UF5 flow rate, 322 kg/s ; He flow rate, 37 kg/s; and cavity 
flow velocity, 89 m/s. 

For a self -critical reactor system, which is operating cw or quasi -cw, a laser 
efficiency of greater than approximately 5 percent is desirable. A part of the thermal 
energy deposited in the lasing gases and reactor structure could be used to produce 
electricity and the remainder rejected via a space radiator. The fuel (UF^/He) 
circuit for the reference design operates at a pressure of 3.8 atm and between 
temperatures of 351 K and 656 K. During the study, Rankine cycle and a Brayton cycle 
thermal energy conversion cycles were considered. Schematic diagrams which show the 
important features of the Rankine and Brayton cycles are presented in Fig. 21. The 
Rankine cycle would use an organic working fluid. The use of an organic fluid offers 
the potential for good efficiency over the range of cycle temperatures of interest. 
Cycle efficiencies in the range of 25 to 35 percent (Ref. 36), appear possible at 
temperatures which correspond to those of the reference laser , reactor configuration. 
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Previous studies (Eefs. 37 and 38) have indicated that use of organic Rankine cycles 
for space applications is technically feasible. For the cycle configuration shown 
in Fig. 21a an overall efficiency of 30 percent was assumed. If an organic fluid 
such as Monsanto CP-27 were used the maximum pressure in the cycle would be about 
27 atm. In the Rankine cycle thermal energy is rejected via a condenser/radiator 
which operates at the lowest temperature present in the cycle. For the cycle condi- 
tions in Fig. 21a the radiator /condenser must reject heat at 31? K* A large radia- 
tor would be needed to dissipate the 63 MW produced at the reference configuration 
design point. 

Details of the Brayton thermal energy conversion cycle for the reference reactor 
configuration are shown in Fig. 21b. The working fluid used in the cycle is helium. 
Conversion efficiency of the Brayton cycle would be less than that of the Rankine 
cycle for the same maximum and minimum cycle temperature values. The estimated 
efficiency of the simple Brayton cycle in Fig. 20b is only 9 percent. However, 
approximately 8 MW of electrical power would be produced via the cycle to meet the 
requirements of pumps and associated equipment of the laser reactor system. In the 
Brayton cycle, heat is rejected at higher average temperature than in the Rankine 
cycle. The ability to reject heat at a higher temperature in the Brayton cycle con- 
figuration should allow the size of the radiator required to be reduced relative to 
the Rankine cycle configuration radiator. 


Weight Estimates 

A major consideration on reducing system size is based on the reflector -moderator 
used. The heavy water reflector-moderator configuration leads to a smaller U-235 
clean critical mass than the beryllium configuration for the 4.5 cm graphite cell 
thickness. Therefore, it is expected that the laser quenching effect due to the 
presence of UF^ in the lasing cell will be less for the heavy water configuration. 
However, depending upon the lasing medium used, the difference in quenching by UFg 
for the heavy water configuration versus the beryllium configuration may not signif- 
icantly affect the laser performance. In this situation, the beryllium configuration 
possesses an advantage in a space power system. This is shown in TABLE IV, wherein 
several major reactor component weights are given for the heavy water (lOO cm) and 
beryllium (40 cm) configurations . 


The principal weight difference is due to the reflector-moderator itself, with 
approximately 83,400 kg of heavy water versus 39,600 kg of beryllium used in the 
respective configurations. Because of its larger physical size, the heavy water 
configuration also requires a heavier pressure vessel (44,100 kg) than a beryllium 
configuration pressure vessel (19,000 kg). A stainless steel pressure vessel was 
assumed stressed for a pressure of 25 atm. 
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Initial estimates of* radiator weights were made for both the Rankine and Brayton 
energy conversion cycle configurations. The radiator specific weights were calculated 
by extrapolation of the results of the radiator design analyses described in Ref. 39 
to the conditions of interest for the reference laser reactor configuration. For the 
Rankine cycle system, a radiator specific weight of 2645 kg/MW was determined for the 
radiator operating temperature of 317 K. If the radiator inlet temperatures could be 
increased to 3^7 K, a specific weight of 1010 kg/MW results. A specific weight of 
24 o kg/MW, was determined for the Brayton cycle radiator which operates at an inlet 
radiator temperature of 539 K. Estimated weight of the Rankine cycle system 
radiator (Fig. 21a) is 166,000 kg and that of the Brayton cycle system radiator 
(Fig. 21b) is 19,700 kg. These weight estimates include allowance for the differences 
in radiator heat load due to the differences in conversion cycle efficiency. Thus, 
although the Rankine cycle system is significantly more energy efficient than the 
Brayton cycle system for the specific reference laser reactor configuration, the 
Brayton cycle system may be more attractive based on radiator weight considerations. 


15 



CONCLUDING REMARKS 


The self -critical DNPL reactor may be an attractive candidate for a very high 
power laser system. Principal features of the reactor are the ability to pump a 
large gaseous lasing volume, self-contained excitation, and the potential for multi- 
megawatt continuous power output. However, there are important technical questions 
concerning the feasibility of the DNPL concept which are unresolved, and which 
require further research. An effort should be continued to identify potential lasing 
systems which can function in a environment. Based on the known UF^ optical 
absorption coefficient values in the 200 to 400 nm wavelength range, lasers which 
operate near the absorption minimum of 34-0 nm should be sought. Increased efforts 
should be made to identify systems that will operate at wavelengths longer than 
400 nm because of the apparent low absorption in this spectral region. Sufficiently 
quantitative optical absorption data for UF^ are not available in this part of the 
spectrum. Spectroscopic experiments and calculations are needed to quantify the UFg 
spectral absorption. DNPL experiments should continue to be performed in subcritical 
configurations but with UF^ added to the lasing cell in quantities which are consis- 
tent with the expected range of critical density. It is important to identify laser 
enhancement or quenching effects due to the presence of UFg for specific candidate 
systems . 

The present study was limited to use of UF^ as a fuel and only two reflector - 
moderator configurations were considered. Additional calculations should be per- 
formed to investigate other fuels, reflector -moderator materials, and geometric 
configurations . 
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LIST OF SMOLS 


a Length of side for hexagon fuel cell, cm 

FD/FD Ratio of fission density to average value of fission density, dimensionless 
l/lo Transmission, dimensionless 

L/D Length -to -diameter ratio of core matrix, dimensionless 

& Fuel cell length, cm 

M Mass, g or kg 

M^rit Critical mass, kg 

N Atom number density, cm~3 

P Pressure, atm 

Total power, MW 
R Radius, cm 

Rceii Radius of fuel cell, cm 

^ff Medium-light fission fragment range, mm 

^hex One -half minimum chord length for hexagon cross section, cm 

^sph Radius of core fuel cell matrix in spherical model, cm 

Tji Average fuel mixture temperature, deg K 

Vj, Gaseous core volume, m 

2 

ex. Optical absorption cross section, cm 

. o 

A. Wavelength, nm or A 

p Density, g/cm^ 

I 
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TABLE I 


CHARACTERISTICS OF MJCLEAR PUMPED LASERS 


Lasing 

Medium 

Pressure 

Atm 

Wave- 

Length 

0 

A 

Thermal 

Flax 

Threshold 

n/cm^-s 

Average 

Thermal 

Flux 

n/cm^-s 

Power 

Density 

Reference 

Number 

Ne-Ng 

Li'^ 

0.2 

8629 

9393 

(N) 

1x10^5 

4.8x10^5 

(peak) 

3 .3 w/ cm^ 

6 

^He-Xe 

3He(n,p)3H 

0.5 

20270 

(XEI) 

4x10^5 

6x10^5 


7 

3He-Kr 

3He(n,p)3H 

0.5 

25000 

(KRI) 

l.lxlO^'^ 



7 

He-Hg 

B^‘^(n,a)Li'^ 

0.8 

6150 

(Hg+) 

1x10^^ 

3.8x1o16 

(peak) 

0.2 kW/cm^ 

8 

He -CO 
He -COp 
B^O(n,Q:)Li7 

0.8 

1^550 

(c) 

4x10^^ 

2.5x10^5 

(peak) 


9 

3ne -Ar 

3He(n,p)3H 

1,0 

17900 

(Ar) 

1 . 4x10^6 

1.2x10^ 


10 

CO 

U(n,Vn)FF 

0.1 

51000-^ 

56000 

(CO) 


1x10^7 

(peak) 

2 kW/cra3 

11 

UF 5 -TIF-F 2 

U(njVn)FF 


4000 

(Tl) 



1-6 W/cm^ 

12 

3ne-Xe 

3He(n,p)3H 

0.8 

20270 

35080 


3 x 1 o 16 

0.200 kW/cm^ 

13 


36520 

(XEI) 
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TABLE II 




CHACTERISTICS OF E-BEAM PUMTED VISIBLE AND NEAR UV LASERS 

Power Power 






Density 

Density 

Efficiency 


Lasing 

Wavelength 

Pressure 

Power 

Threshold 

Deposited 

(MAX,EST Reference 

Medium 

A 

Atm 

]yw 

kW /cm3 

MW/cm^ 

eff) 

Number 

Ar/Xe/NF3 

3510,3530(XF) 

1.0 


10 20 

0.1 

o.^i 

15 

Tt 

1.7 

0.8 

- 

0.25 

'ii 

16 

He/Xe/NFo 

n It 

1.0 

25 

- 

25 


17 

Ar/Xe/NF3 

ti ti 

4.0 

0.2 

- 

- 

iidi) 

18 

Ar /K t /F g 

2485 (Ktf) 

1.0 

- 

20 

0.1 

- 

15 

It 

IT 

1.5 

o.oo4 

4o 

0.22 

0.2fo(5-10fo) 

19 

He/Kr/Fg 

It It 

1.0 

0.12 

- 

4.0 

0.3^(2-5?^o) 

17 

Ar/Kr/Fg 

>t TI 

3.5 

0.08 

- 

1.3 

0.4^ 

20 

Ar/CF3l 

CM 

H 

O 

CM 

on 

2.0 

- 

- 

- 

(I3f«) 

21 


ti 

10.0 

3.6 

- 

1.7 

- 

22 

Xe/HBr 

2818 (XeBr) 

0.5 

0.001 

- 

- 

- 

23 

Ar/Ng 

3577(Na) 

1.0 

0.018 

- 

0.2 

O.4/0 

24 
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TABLE III 


CLEAN CRITICAL MASS CALCULATIONS AT REFERENCE VOLUME 


Leng^ 

No. of Cells 
Total Volume 


= 10 cm 
= 200 cm 

- 3.2 m-^ 
= 600 K 


Reflector - 
Moderator 
(Thickness ) 

Internal 

Graphite 

Moderator 

(thickness) 

cm 

U-235 

Critical 

Mass, 

kg 

U-235 

Density 

ms/cm 3 

UE 6 

Pressure 

atm 

DgO (100 cm) 

^.5 

4.4 

1.38 

0.29 

D2O (100 cm) 

9.5 

5.7 

■ 1.77 

0.37 

DgO (100 cm) 

i 4.5 

7.5 

2.34 

0.49 

Be (20 cm) 

4,5 

7.6 

2.39 

0.50 

Be (40 cm) 

4,5 

6.3 

1.95 

0 . 4 l 
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TABLE IV 


REACTOR GROSS WEIGHT 

(See TABLE III for Geometry and Criticality Results) 

Heavy Water Beryllium 

Configuration (lOO cm) Configuration (40 cm) 
(Kg) (Kg) 


Core 


Graphite 

8700 

8700 

Ni-Al Liner 

900 

900 

Moderator 

Heavy Water or Be 

83400 

39600 

A1 Tank 

4300 

- 

Pressure Vessel (25 atm) 

44100 

19000 

Subtotal 

i4i4oo 

68200 

Space Radiator (Rankine at 317 K) 

166000 

166000 

Space Radiator (Rankine at 36? K) 

58000 

58000 

Space Radiator (Brayton at 539 K) 

19700 

19700 

TOTAL (Reactor Plus Radiator - 

Rankine at 317 K) 

307400 

234200 

TOTAL (Reactor Plus Radiator - 

Rankine at 3^7 K) 

199400 

126200 

TOTAL (Reactor Plus Radiator - 

Brayton at 539 K) 

161100 

87900 
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FIG. 7 


UFe REACTOR LASING CELL MATRIX 


MASTER OSCILLATOR DRIVES AMPLIFIER CELLS 
X-CODED CELLS ARE SOLID He-COOLED GRAPHITE 



MASTER OSCILLATOR 
50 AMPLIFIERS 


F 


UNIT FUEL CELL FOR LASING REACTOR MATRIX 

REF. CELL LENGTH :200 cm 



1 7.4 cm 


PRESSURE, P-ATM 


FIG. 9 


MEDIAN-LIGHT FISSION FRAGMENT RANGE IN UFe-He MIXTURE 

Pi 1C /Pu • 0.1 ENERGY: 97 MeV 

Urg/ He 

KXAQQ wn • Q 7 CHARGE; 20 e 
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FIG. 10 


UFe LASER REACTOR FUEL CAVITY FLOW PATH 

CAVITY DIAMETER : 20 CM 
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VARIATION OF CALCULATED CLEAN CRITICAL MASS WITH FUEL DENSITY 

SEE FIG.6 FOR GEOMETRY 
FUEL MATRIX REGION L/d;S 1 
FUEL CELL RADIUS = 10 cm 

REFERENCE CONFIGURATION INCLUDES 29.4 mg OF Xe’35 EQUILIBRIUM FISSION PRODUCT POISONING 

AND :5;i31 g(0.5%) Xe’^AT LASING GAS 









FISSION DENSITY RATIO, FD/FD 


VARIATION OF FISSION DENSITY RATIO WITH RADIUS FOR A UNIT CELL 
IN SEVERAL REACTOR CONFIGURATIONS 


SEE FIG. 8 FOR CELL GEOMETRY 
SEE FIG, 11 FOR FUEL LOADINGS 
CELL RADIUS, Rq£|_l : 10 cm 
REF. VOL. : 3.2 m3 





FISSION DENSITY RATIO, FD/FD 


FIG. 14 


VARIATION OF FISSION DENSITY RATIO WITH SPHERICAL RADIUS OF 
MATRIX OF FUEL CELLS FOR SEVERAL REACTOR CONFIGURATIONS 

SEE FIG. 6 FOR GEOMETRY 
SEE FIG. 11 FOR FUEL LOADINGS 


•^CELL : 10 
REF. VOL. : 3.2^3 



RADIUS RATIO. R/RcPH 



FISSION DENSITY RATIO, FD/FD 


FIG. 15 


VARIATION OF FISSION DENSITY RATIO WITH SPHERICAL RADIUS OF MATRIX OF 
FUEL CELLS FOR DIFFERENT THICKNESSES OF GRAPHITE IN THE CELL CALCULATIONS 

FUEL VOLUME = 3.2 



RADIUS RATIO, R/RsPH 
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FIG. 16 


OPTfCAL COMPONENT CONFIGURATION FOR OSCILLATOR-AMPLIFIER 
NUCLEAR PUMPED LASER 


MIRRORS ARE HIGHLY REFLECTIVE DIELECTRIC-COATED 
AMPLIFIER WINDOWS HAVE ANTI-REFLECTION COATING 
OR CUT AT BREWSTER ANGLE 


TO POWER 
EXTRACTION 
CHANNEL 



UPPER 

OPTICS 

REGION 


FUEL MATRIX 
REGION 


LOWER 

OPTICS 

REGION 
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FLOW VELOCITY, m/s 


FIG. 20 


VARIATION IN FUEL VELOCITY AND CAVITY RESIDENCE TIME WITH POWER DENSITY 


Mqrit~ 4.9 Kg U— 235 
^U-235 = 0.32 atm 
^U-235 mg/cm^ 

Vp =3,2x10® cm3 
^CELL " lO cm 


CORE LENGTH = 200 cm 
NO. OF CELLS = 51 
SONIC VELOCITY = 436 m/s 
pRe ^3.4 atm 



POWER DENSITY, Qj/Vp - kW/cm^ 
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RESIDENCE TIME, 





FIG. 21 


CYCLE SCHEMATICS FOR NUCLEAR PUMPED LASER POWER EXTRACTION SYSTEMS 


A) RANKINE CYCLE 



B) BRAYTON CYCLE 



Q 
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properties. The results were used to select a reference conceptual laser system 
confi guration. 


In the reference configuration, the 3.2 m^ lasing volume is surrounded by a graphite 
internal moderator and a region of heavy water. Results of neutronics calculations 
yield a critical mass of 4.9 kg L|235 in the form of 235UFg. The configuration 
appears capable of operating in a continuous steady-state mode. The average gas 
temperature in the core is 600 K and the LIF 5 partial pressure within the lasing 
volume is 0.34 atm. 
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